as lactate and pyruvate. The present results showed that α-cyano-4-hydroxycinnamic acid (CHC), an inhibitor of MCTs, promoted osteoclast differentiation from macrophages at lower concentrations (0.1-0.3 mM) and suppressed that at a higher concentration (1.0 mM). On the other hand, CHC reduced the number of mature osteoclasts on the surface of dentin in a concentration-dependent manner. Additionally, macrophages and osteoclasts were found to express the Mct1, Mct2, and Mct4 genes, with Mct1 and Mct4 expression higher in macrophages, and that of Mct2 higher in osteoclasts. Although Mct1 gene knockdown in macrophages enhanced osteoclast formation induced by RANKL, Mct2 gene knockdown suppressed that. Finally, Mct2 gene silencing in mature osteoclasts decreased their number and, thereby, bone resorption. These results suggest that MCT1 is a negative regulator and MCT2 a positive regulator of osteoclast differentiation, while MCT2 is required for bone resorption by osteoclasts.
In another study, we found that silencing of Mct1 by siRNA strongly suppresses osteoblast differentiation 8 . Using a culture system in which C2C12 cells, a mouse myoblast cell line, were stimulated with BMP-2 to induce differentiation into osteoblasts, Mct1 silencing suppressed the expression of Runx2 and Sp7, major transcription factors for osteoblast differentiation, as well as that of Tnap, a differentiation marker of mature osteoblasts. These changes were caused by increased expression of Trp53 in C2C12 cells induced by Mct1 silencing. Together, these findings indicate that MCT1 is involved not only in inflammatory cell death but also normal differentiation of osteoblasts, thus suggesting possible involvement of MCT in bone formation and remodeling.
On the other hand, the roles of MCTs in osteoclasts, the counterpart of osteoblasts for maintaining bone metabolism, have not been elucidated. In the present study, we investigated the roles of MCT subtypes in osteoclast differentiation and function.
Results

α-cyano-4-hydroxycinnamic acid (CHC) promoted osteoclast differentiation from BMMs.
Bone marrow macrophages (BMMs), obtained by culturing mouse bone marrow cells (BMCs) in the presence of M-CSF, were further cultured for 72 hours in the presence of M-CSF and RANKL to induce their differentiation into osteoclasts. Addition of CHC known to inhibit MCT1, MCT2, MCT3, and MCT4, promoted RANKL-induced osteoclast formation (Fig. 1a ). Additionally, CHC (0.3 mM) increased TRAP activity ( Fig. 1b ) and osteoclast size ( Fig. 1c,d) , whereas it had no effect on either number of osteoclasts ( Fig. 1e ) or proliferation of BMMs (Fig. 1f, red line) . Hence, the increased TRAP activity by CHC (0.3 mM) in the presence of various concentrations of RANKL ( Fig. 1g ) was a result of something other than the number of BMMs. On the other hand, addition of CHC at 1.0 mM inhibited osteoclast formation ( Fig. 1a ), decreased TRAP activity (Fig. 1b) , and suppressed BMM proliferation ( Fig. 1f , blue line), whereas it did not have a significant effect on the number of osteoclasts ( Fig. 1e ).
CHC changed expression of genes for osteoclast differentiation markers in BMMs.
To analyze the effect of CHC on expression of genes for osteoclast differentiation markers induced by RANKL, various concentrations of CHC were added simultaneously with RANKL to the BMM cultures. CHC at 0.1 mM increased the RANKL-induced expression of Nfatc1, Trap, and Ctsk as compared to the control group ( Fig. 1h ), which suggested that CHC (0.1 mM) promoted osteoclast differentiation from BMMs. On the other hand, CHC at 1.0 mM decreased the expression levels of Dcstamp, Trap, and Ctsk, while that strongly increased the expression of Irf8, a negative regulator of osteoclastgenensis 9 . CHC at 1.0 mM also increased the expression of Rank (Fig. 1h ).
CHC reduced the number of mature osteoclasts on dentine. Since CHC was shown to modulate osteoclast differentiation of BMMs, we next examined the effect of CHC on bone resorption by mature osteoclasts using pit assays. Osteoclasts obtained by co-cultivation of UAMS32 cells with BMCs were seeded on dentin disks and allowed to form resorption pits. Following osteoclast attachment to the disk, CHC was added to the medium, which resulted in reduction of the number of resorption pits in a concentration-dependent manner ( Fig. 2a ,c). Scanning electron microscopy findings also confirmed that addition of CHC reduced the number of resorption pits (Fig. 2b ). In addition, CHC decreased the number of osteoclasts obtained in co-cultures of BMCs and UAMS32 cells in a concentration-dependent manner ( Fig. 2d,e ). CHC also reduced the number of mature osteoclasts obtained by culturing BMM in the presence of RANKL ( Fig. 2f ,g). CHC also decreased TRAP activity in osteoclasts that had differentiated from BMMs in calcium phosphate-coated plates in the presence of M-CSF and RANKL ( Supplementary Fig. S1a ). Furthermore, CHC inhibited the formation of actin rings, required for attachment of osteoclasts to the bone surface for bone resorption ( Supplementary Fig. S1b , red arrowhead). On the other hand, CHC did not induce apoptosis in osteoclasts ( Supplementary Fig. S1c ). These results suggested that CHC reduced the number of mature osteoclasts at least in part through inhibition of the attachment of mature osteoclasts to the plates and the surface of dentin discs.
BMMs and osteoclasts expressed Mct1, Mct2, and Mct4.
In order to clarify the gene expression profile of MCT subtypes in BMMs and osteoclasts, RNA samples were collected every 24 hours after stimulation with RANKL, and real-time PCR analysis was performed for MCT subtypes. Mct1 expression was increased at 24 hours after stimulation with RANKL and then decreased with the progress of osteoclast differentiation. That of Mct2 was low in BMMs, then increased with the progression of osteoclast differentiation, while the expression of Mct4 was high in BMMs and then decreased with differentiation. Mct3 expression was not detected under the present experimental settings ( Fig. 3a ). It has been reported that monocarboxylic acid is taken up through MCT1 or MCT2, then flowed out by MCT1, MCT3, or MCT4 1,2 . The present results indicate that BMMs mainly use MCT4 to release monocarboxylic acid from cells, while mature osteoclasts use MCT2 to take up monocarboxylic acid into cells. In addition, it has also been reported that RANKL promotes the glycolytic system in BMMs 10 . Thus, our findings suggest that the transient increase of Mct1 expression following RANKL stimulation is involved in extracellular release of lactic acid to suppress intracellular acidification and prevent stoppage of glycolysis by accumulation of intracellular lactic acid.
Osteoclast formation from BMMs promoted by Mct1 siRnA and suppressed by Mct2 siRNA.
Next, we introduced specific siRNAs for Mct1, Mct2, and Mct4 to BMMs to clarify their individual roles in osteoclast differentiation (Fig. 3b ). None of the subtype siRNAs had effects on BMM cell proliferation (data not shown). Mct1 siRNA promoted and Mct2 siRNA strongly suppressed osteoclast formation, while Mct4 siRNA had no effect ( Fig. 3c,d ). Promotion of osteoclast differentiation by Mct1 siRNA and its suppression by Mct2 siRNA was also confirmed by determination of TRAP activities (Fig. 3e ). (Fig. 3f) were investigated. Mct1 siRNA increased the expression of Nfatc1, a transcription factor essential for osteoclast differentiation 11 , as well as that of Trap and Ctsk, representative marker genes of osteoclasts 12, 13 . These results indicate that MCT1 suppresses osteoclast differentiation through, at least in part, inhibition of Nfatc1 expression. While Mct2 siRNA increased the expression of the Rank gene, it also augmented the expression of Irf8 9 , a transcription factor that negatively regulates osteoclast differentiation, indicating the possibility that MCT2 functions as a promoter of osteoclast differentiation via suppression of Irf8. On the other hand, Mct4 siRNA did not have any effects on the expression of Rank, Nfatc1, Dcstamp, Trap, Ctsk, or Ifr8.
Mct2 gene silencing in mature osteoclasts suppressed their survival/attachment to bone. We also examined the effects of silencing of the genes for MCT1 and MCT2 in mature osteoclasts obtained after stimulation of BMMs for 72 hours by RANKL in order to clarify the role of these transporters in bone resorption. siRNA for Mct1 as well as that for Mct2 suppressed the expression of the corresponding genes in mature osteoclasts ( Fig. 4a) , whereas the expression of Mct4 in osteoclasts was not suppressed by addition of its siRNA (data not shown). Mct1 siRNA did not have any effect on the resorption of calcium phosphate by osteoclasts. On the other hand, that of Mct2 significantly suppressed calcium phosphate resorption by mature osteoclasts (Fig. 4b,c ). Furthermore, introduction of Mct2 siRNA into mature osteoclasts that had been obtained by culturing BMM in the presence of RANKL reduced their number (Fig. 4d,e ). These results indicate that MCT2 plays an important role in the osteoclastic bone resorption by supporting the survival of mature osteoclasts or their attachment to the bone surface.
Discussion
The results obtained in this study are presented in a schematic form in Fig. 4f ,g. CHC at a low concentration was shown to promote differentiation of BMMs into osteoclasts, whereas that at a high concentration suppressed it. Furthermore, CHC reduced the number of mature osteoclasts and hence suppressed the resorption of calcium phosphate in a concentration-dependent manner (Fig. 4f) . Additionally, results obtained in experiments using specific siRNAs for MCT subtypes indicate that MCT1 is a negative regulator and MCT2 a positive regular of osteoclast differentiation of BMMs. The present study also found that MCT2, the expression of which is up-regulated during the process of osteoclast differentiation, is required for their survival or attachment to the surface of the plates or dentin discs (Fig. 4g) .
CHC has been reported to inhibit of the 4 MCT subtypes (MCT1-4) that function to transport monocarboxylates 14 . Among those, the Mct1, Mct2, and Mct4 genes are expressed in BMMs, though their expression varies following RANKL stimulation in a time-dependent manner, making it difficult to identify which is actually inhibited by CHC in BMMs. Nevertheless, our results showed silencing by the specific siRNA of each of the subtypes, thus indicating that the inhibitory effect of CHC towards BMMs is mainly via MCT1. On the other hand, in mature osteoclasts, the subtype inhibited by CHC is considered to be MCT2, as the mRNA of that was most highly expressed among the 3 subtypes at 72 hours after RANKL stimulation, while the introduction of Mct2 siRNA to mature osteoclasts reduced the area of calcium phosphate resorption.
Previously, bone metastatic malignant tumor cells were shown to release lactic acid by an anaerobic metabolism function, which is then taken up by adjacent osteoclasts via MCT1, leading to lactic acid-induced bone resorption 15 . However, there may be differences regarding the expression of MCT subtypes between humans and mice, though that report noted that the bone resorption of osteoclasts was increased by lactic acid taken in via MCT1, while osteoclast differentiation was not affected. Our findings also indicate that exogenous lactic acid is necessary for survival of mature osteoclasts, because CHC decreased the number of mature osteoclasts and thereby suppressed the amount of bone being resorbed by them. MCT2 was shown to be required to take up monocarboxylic acid into cells 16 , which was also supported by our finding that Mct2 expression increases with osteoclast differentiation. Furthermore, CHC caused a reduction in the number of mature osteoclasts ( Fig. 2d-g) . Since the subtype of MCTs mainly expressed in mature osteoclasts was MCT2, it is conceivable that CHC inhibited MCT2. Therefore, MCT2 is considered to be necessary for the survival of mature osteoclasts or their attachment to the surface of dentin discs and calcium phosphate-coated plates.
On the other hand, lactate dehydrogenase (LDH) was found to be activated in RANKL-stimulated BMMs, and stimulated the glycolytic and mitochondrial respiratory metabolisms 17 . In the present experiments, a decreased concentration of intracellular lactate was observed in BMMs following stimulation by RANKL (data not shown). Thus, an increase in endogenous lactate concentration based on a change in energy metabolism may promote osteoclast differentiation 17 .
A technical limitation of this study was our inability to determine the movement of lactic acid or other monocarboxylic acids across the cell membrane. If glycolytic progression could be observed 18 , as shown by NAD + / NADH ratio 19 , the resultant findings might indicate a correlation of energy metabolism with osteoclast differentiation and function 20 . Another technical limitation of this study was the inability to quantify the change in the bone-resorbing activity of a single osteoclast after the addition of CHC or the introduction of Mct2 siRNA. Hence, we could not discriminate between the effects of these treatments on differentiation/survival and those on the bone-resorbing activity of osteoclasts.
The primary clinical and scientific implications of the present results are identification of the expressions and roles of MCT subtypes in osteoclasts. Additionally, we found that inhibition or silencing of transporters provides control of the differentiation and functsion of osteoclasts, indicating that transporters on the cell membrane of osteoclasts may serve as therapeutic targets for treatment of osteoporosis and other diseases related to bone metabolism. Mct4, as well as negative control siRNA were introduced into BMMs and osteoclasts using ScreenFect TM siRNA by forward transfection. To induce osteoclast differentiation of BMMs, M-CSF and RANKL (50 ng/mL) were added to the medium at the same time as each siRNA was introduced.
Bone resorption of osteoclasts. Osteoclasts obtained from BMM cultures in temperature-sensitive
RepCell ® plates were re-plated in calcium phosphate-coated plates (Osteo Assay Surface, Corning Inc., Lowell, MA, USA), then cultured for 24 hours. Resorption pits were observed and quantified under an optical microscope (BZ-9000, Keyence, Osaka, Japan). Cells containing osteoclasts obtained in co-cultures of UAMS32 cells and BMCs were plated on dentin discs with a diameter of 6 mm, and cultured for 24 hours in 24-well plates. The dentin discs were sonicated in 5% ammonia in PBS to remove cells, then rinsed with water, air-dried, stained with 1% toluidine blue, and washed again with water. Resorption pits stained with toluidine blue were observed and quantified using an optical microscope (BZ-9000, Keyence).
Real-time RT-PCR.
Total RNA was extracted from cells using TRIzol ® reagent (Invitrogen), according to the manufacturer's instructions. Reverse transcription reactions were performed using ReverTra ACE RT qPCR master Mix (TOYOBO Co. Ltd., Osaka, Japan). Quantitative real-time RT-PCR was performed using a TaqMan TM Gene Expression Assay (Life Technologies, Carlsbad, CA, USA) and a StepOne Real-time PCR System (Applied Biosystems, Carlsbad, CA, USA). Amplification signals from the target genes were normalized against that of glyceraldehyde 3-phosphatase (Gapdh). The assay IDs for the genes of GAPDH, MCT1, MCT2, MCT3, MCT4, RANK, NFATc1, DCSTAMP, TRAP, Cathepsin K, and IRF8 were as follows: Gapdh, Mm99999915_g1; 
